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While the glucose transporter-4 (GLUT4) is funda-
mental to insulin-regulated glucose metabolism,
its dynamic spatial organization in the plasma
membrane (PM) is unclear. Here, using multicolor
TIRF microscopy in transfected adipose cells, we
demonstrate that insulin regulates not only the exocy-
tosis of GLUT4 storage vesicles but also PM distribu-
tion of GLUT4 itself. In the basal state, domains (clus-
ters) of GLUT4 molecules in PM are created by an
exocytosis that retains GLUT4 at the fusion site. Sur-
prisingly, when insulin induces a burst of GLUT4
exocytosis, it does not merely accelerate this basal
exocytosis but rather stimulates 60-fold another
mode of exocytosis that disperses GLUT4 into PM.
In contradistinction, internalization of most GLUT4,
regardlessof insulin,occurs frompre-existingclusters
via the subsequent recruitment of clathrin. The data fit
a new kineticmodel that featuresmultifunctional clus-
ters as intermediates of exocytosis and endocytosis.
INTRODUCTION
Insulin regulates glucose transport through recruitment of
GLUT4 to the plasma membrane (PM), where these transporters
facilitate glucose uptake. The current model of GLUT4 recycling
proposes a complex regulated system of GLUT4 cycling among
specialized GLUT4 storage vesicles (GSVs), intracellular com-
partments, and PM (Satoh et al., 1993; Holman et al., 1994;
Rea and James, 1997; Xu and Kandror, 2002; Saltiel and Pessin,
2003; Martin et al., 2006). Insulin has been variably reported to
regulate GLUT4 recycling in several ways, including sorting
and formation of the GSV (Kandror and Pilch, 1994; Shi and
Kandror, 2005), intracellular untethering (Bogan et al., 2003), traf-
ficking toward PM (Huang et al., 2007), actin cytoskeleton rear-
rangement (Kanzaki and Pessin, 2001; Torok et al., 2004), PM
tethering (Bai et al., 2007; Lizunov et al., 2005), fusion (Jiang
et al., 2008; Lizunov et al., 2005; Rea and James, 1997; Xu and250 Cell Metabolism 12, 250–259, September 8, 2010 ª2010 ElsevieKandror, 2002), and inhibition of endocytosis (Blot and McGraw,
2008; Martin et al., 2006). However, despite this large number of
processes apparently affected by insulin, recent experimental
work strongly suggests that the main site of regulation of
GLUT4 recycling and glucose uptake occurs at PM (Lizunov
et al., 2005; Koumanov et al., 2005; Gonzalez and McGraw,
2006; Bai et al., 2007; Huang et al., 2007).
Recently, high-resolution live-cell microscopy techniques
have been successfully applied to study GLUT4 recycling
processes that take place near PM. Detection of single GLUT4
vesicles has allowed quantification of tethering and fusion of
GSV in 3T3-L1 cells (Li et al., 2004; Jiang et al., 2008), and
analysis of GLUT4 traffic in primary adipose cells (Lizunov
et al., 2005, 2009) andmuscles (Lauritzen et al., 2008; Fazakerley
et al., 2009). These studies have also confirmed earlier observa-
tions that GLUT4 are distributed nonhomogeneously in PM
(Gustavsson et al., 1996; Parton et al., 2002). However, it remains
unclear how insulin regulates GLUT4 organization in the PM and
their spatial dynamics.
To probe both GLUT4 organization in PM and its relationship
to insulin-regulated recycling, we investigated GLUT4 dynamics
in isolated rat adipose cells. We find (1) clusters are generated by
fusion-with-retention of GLUT4 in nascent domains, (2) GLUT4 is
internalized at these domains after subsequent recruitment of
clathrin, and (3) insulin induces a burst of GLUT4 exocytosis
that mostly bypasses these domains and disperses GLUT4
directly into PM.
RESULTS
GLUT4 Distribution in the Vicinity of PM
To quantify the subcellular distribution of GLUT4 near PM, we
employed a combination of total internal reflection fluorescence
(TIRF) and wide-field fluorescence (WF) microscopy. Isolated
rat adipose cells were transiently transfected with either HA-
GLUT4-GFP or HA-GLUT4-mCherry, and sequential TIRF and
WF images were acquired (Figure 1A). The evanescent wave
illumination used in the TIRF mode decays exponentially with
the distance from the water-glass interface and thus effectively
excites fluorophores only in a thin layer (TIRF-zone) near PM.
Therefore, TIRF microscopy selectively images GLUT4r Inc.
Figure 1. GLUT4 Structures in the Vicinity of PM
(A) Isolated rat adipose cells were transiently transfected with HA-GLUT4-GFP and imaged using a combination of TIRF (red) and WF (green) microscopy.
The overlay image shows that the majority of HA-GLUT4-GFP is present in the TIRF-zone close to PM. Scale bar, 5 mm.
(B) Scheme of experiment. TIRF microscopy selectively images HA-GLUT4-GFP structures localized in the TIRF-zone (within 200 nm of PM), while theWF image
comprises fluorescence from PM and the full thickness of the adjacent layer of cytoplasm (thickness of 1 mm). N, nucleus; LD, lipid droplet.
(C) Zoomed image of a single GLUT4 punctum detected in a TIRF image. Diffraction-limited GLUT4 puncta may represent (from left to right) GSV in the vicinity of
PM (tethered or untethered), a vesicle undergoing exocytosis or endocytosis, and/or GLUT4 molecules clustered in PM.
(D) Histogram of GLUT4 structure distribution in the TIRF zone in the absence of insulin. The distance from PM (TIRF interface) was calculated for individual
GLUT4 puncta from the ratio of TIRF/WF signals. Note the significant amount of GLUT4 structures localized within 100 nm of PM.
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PM. WF microscopy, on the other hand, visualizes all GLUT4
structures present in the cytoplasm layer (1 mm) between PM
and the central lipid droplet (Figure 1B). About 70% of total
GLUT4 detected in the WF mode (shown in green) is visible
also in the TIRF mode (shown in red) (Figure 1A).
The majority of GLUT4 structures are detected as diffraction-
limited bright spots (Figures 1A and 1C). These structures indeed
may represent GLUT4 vesicles, intermediates of exo- and
endocytosis of GLUT4, as well as domains/clusters of GLUT4
molecules in PM (Figure 1C). GLUT4 structures detected in the
TIRF zone had a variable fluorescence intensity that was due
to both variation in the amount of GLUT4 molecules and differ-
ences in the distance of GLUT4 from PM or the TIRF interface.
In the basal state, the distribution of GLUT4 obtained near PM
shows that 50% of GLUT4 structures are localized within
100 nm of PM (Figure 1D). Insulin further increased the
redistribution of GLUT4 closer to PM.
By time-lapse TIRF microscopy, we analyzed two populations
of GLUT4 structures in the vicinity of PM: stationary structures
that exhibited no apparent change of lateral position or intensity,Cell Meand mobile structures that exhibited lateral motion or showed
significant intensity change due to vertical displacement
in TIRF zone (see Movie S1 available online). In the basal state,
the relative fluorescence integrated over identified stationary
and mobile GLUT4 structures showed that on average
77% ± 6% of total GLUT4 in the TIRF zone was localized in
stationary structures (Figures S1A and S1B). Most of the mobile
GLUT4 structures were attributed to GSV as they exhibited
typical microtubule-based directed motion with speeds of
1–2 mm/s. Consistent with previous studies, insulin decreased
the traffic of GSV and further shifted the distribution of GLUT4
toward stationary structures.
Clustered and Dispersed Distribution of GLUT4 in PM
To transport glucose, the exofacial domain of GLUT4 must be
exposed to the extracellular space. We tested whether the
stationary GLUT4 structures were exposed to the extracellular
space using an HA-antibody to label surface-exposed HA-
GLUT4-GFP molecules in nonpermeabilized cells. High-resolu-
tion images of HA labeling of PM showed that GLUT4 distribution
in PM was highly punctate for both basal and insulin-stimulatedtabolism 12, 250–259, September 8, 2010 ª2010 Elsevier Inc. 251
Figure 2. Insulin Regulates GLUT4 Exposure, Identified by HA-Antibody Binding, and Spatial Distribution at the Cell Surface
(A) Isolated rat adipose cells expressing HA-GLUT4-GFP were fixed and stained with HA-antibody under nonpermeabilized conditions. Individual cells were
imaged using multicolor TIRF microscopy. The upper panel shows a representative cell in the basal state; the lower panel shows a cell after 15 min of insulin
stimulation. The green channel represents HA-GLUT-GFP fluorescence that was detected from both intracellular GLUT4 structures and GLUT4 exposed at
the cell surface. HA-antibody labeling represents GLUT4 that was exposed at the cell surface and was detected with a secondary antibody conjugated to Alexa
594. Scale bars, 5 mm.
(B) Insulin stimulation increases HA-antibody labeling of PM and the number of GLUT4 structures labeled by HA-antibody on the surface of adipose cells.
The panels showmagnified regions from (A). SeeMovie S2, which also shows the clustered appearance of HA-antibody in puncta in live cells under the condition
of blocked GLUT4 trafficking (2 mM KCN). Scale bars, 1 mm.
(C) Quantification of surface-exposed GLUT4 identified by HA-antibody fluorescence. The amounts of clustered and dispersed GLUT4 were obtained from
HA-antibody fluorescence images that were processed by spatial filtering into two components that represented relatively uniform background and distinct
puncta (clusters) (see Figures S2B and S2C). The average intensities of the total cell-surface HA-GLUT4-GFP, and the clustered and dispersed signals, were
measured for 20 basal cells (open bars) and 20 insulin-stimulated cells (filled bars) in four independent experiments. Error bars represent SEM, *statistically
different from corresponding basal values, p < 0.05.
Cell Metabolism
Insulin Controls Postfusion Dispersal of GLUT4cells (Figures 2A and 2B). Consistent with the previous notion
that GLUT4 in PM is quite inhomogeneous, these data further
indicate that a significant fraction of PM GLUT4 is organized
into distinct clusters. However, besides HA-labeled puncta that
represent clusters, we also detected a diffuse HA-antibody
labeling of the cell surface that we attributed to GLUT4 mole-
cules dispersed in PM.
To compare the relative amounts of GLUT4 dispersed in
PM and GLUT4 localized into the clusters, we analyzed the
HA-antibody fluorescence intensity of uniformly labeled regions
of PM and separated it from the signal representing HA-GLUT4
clusters (Figure 2C). Interestingly, in the basal state, the amounts
of clustered and dispersed GLUT4 in PM were equal (130 ± 40
AU versus 140 ± 50 AU, n = 18). With insulin stimulation, the
dispersed signal increased almost 4-fold, while the clustered
signal was elevated by 2.5-fold (Figure 2C). Importantly, the
overall increase of combined HA signal (3.2-fold) was in good
correspondence with the independently measured insulin-stim-
ulated increase of glucose uptake (data not shown). This fact252 Cell Metabolism 12, 250–259, September 8, 2010 ª2010 Elsevieindicates that both GLUT4 exposed in the clusters and GLUT4
dispersed in PM are equally involved in the glucose uptake and
thus represent functional glucose transporters.
Insulin stimulation significantly increased the amount of HA-
GLUT4-GFP colocalized with HA-antibody, i.e., exocytosed
GLUT4 as detected by structures colocalized with both GFP
and anti-HA. Insulin also affected both the density and intensity
of individual HA-labeled GLUT4 clusters (Figure 2B, compare
upper and lower panels). On average, the fluorescence intensity
of GLUT4-GFP was increased 2-fold, while the HA-antibody
signal increased 3-fold (Figure S2A), indicating that part of the
GLUT4 exposed at PM came from GLUT4 structures already
present in the TIRF zone. The density of GLUT4 clusters in PM
ranged from 0.21 ± 0.04 puncta/mm2 in the basal state to 0.38 ±
0.06 puncta/mm2 in the insulin-stimulated state (±SEM, n = 20)
and corresponded to 30%–60% of the overall density of
stationary GLUT4 structures detected in the TIRF zone.
To exclude the potential artifacts of fixation and antibody
aggregation, we performed HA-antibody labeling in live cellsr Inc.
Figure 3. Colocalization of Clathrin and
Caveolin with Intracellular GLUT4 Struc-
tures and PM Clusters
(A) Colocalization of clathrin and GLUT4 in the
TIRF zone. Rat adipose cells were cotransfected
with clathrin-GFP (green) andHA-GLUT4-mCherry
(red) and imaged using multicolor TIRF micros-
copy (see Movie S3).
(B) Colocalization of clathrin with GLUT4 clusters
at the cell surface. Cells expressing clathrin-GFP
(green) and HA-GLUT4 (no fluorescent tag) were
fixed and stained with HA-antibody (red) under
nonpermeabilized conditions.
(C) Colocalization of caveolin and GLUT4 in the
TIRF zone. Rat adipose cells were cotransfected
with caveolin-GFP (green) and HA-GLUT4-
mCherry (red) and imaged using multicolor TIRF
microscopy.
(D) Quantification of the relative number of GLUT4
structures (GLUT4-mCherry) and clusters (HA-
antibody), colocalized with clathrin and caveolin
(see Figure S3). The blue dashed lines show the
theoretically estimated levels of random colocali-
zation based on the density of the structures.
Ten cells were measured in each condition in five
independent experiments. Error bars represent
SEM, *statistically different from corresponding
basal values, p < 0.05.
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and also by using a different combination of primary and
secondary antibodies, as well as directly conjugated HA-Alexa
594. All these experiments produced similar images with a punc-
tate appearance of HA-GLUT4 exposed at the cell surface. We
also observed individual clusters that exhibited fluorescence
intensity fluctuations that could indicate exchange of GLUT4
molecules with the rest of PM (Movie S2), as well as a Brow-
nian-like motion of faint HA-labeled spots that was attributable
to lateral diffusion of individual HA-GLUT4molecules in the plane
of PM.
Altogether, the data acquired with HA-antibody suggest the
existence of GLUT4 in PM in at least two states: as freely
diffusing molecules and as relatively stationary clusters. More-
over, GLUT4 clustering in PM cannot be attributed to an artifact
of fixation or antibody labeling, but rather represents a physiolog-
ically relevant process regulated by insulin.
GLUT4 Is Endocytosed from the Clusters
by Recruitment of Clathrin
Clustering at PM could be associated with accumulation of
GLUT4 in clathrin-coated pits that are implicated in internaliza-
tion of GLUT4 fromPM. To test this, we transfected adipose cells
with clathrin-GFP together with HA-GLUT4-mCherry, and used
multicolor TIRF microscopy to resolve their dynamic colocaliza-
tion and interaction. Cells expressing clathrin-GFP showed both
stationary patches of clathrin at PM, and smaller, mobile clathrin-
labeled compartments (Figure 3A and Movie S3). On average,
we observed that 25% of all GLUT4-mCherry was colocalized
with clathrin-GFP in basal cells; in insulin-stimulated cells, this
colocalization was higher and reached 30%–40% (Figure 3D).
On the other hand, when we measured colocalization betweenCell Meclathrin-GFP and surface-exposed HA-GLUT4 labeled with
HA-antibody (Figure 3B), we found only 8% ± 2% of HA-
GLUT4 structures to be colocalized with clathrin-GFP in basal
cells and 11% ± 3% in insulin-stimulated cells (Figure 3D). This
difference between colocalization of surface-exposed GLUT4
and total GLUT4 indicates that a majority of GLUT4 structures
that colocalized with clathrin is not GLUT4 accumulated in cla-
thrin-coated pits, but rather GLUT4 associated with intracellular
compartments (endosomes) localized in the vicinity of PM.
Since caveolae also have been implicated in the internalization
of GLUT4, we coexpressed cells with GLUT4-mCherry and cav-
eolin-GFP, the main structural protein of caveolae (Figure 3C).
The observed colocalization level (5%) was comparable to
the random overlap (4%) estimated for the given density of cav-
eolin-GFP (0.6 puncta/mm2) and GLUT4-mCherry (0.5–0.7
puncta/mm2). Further, insulin had no effect on the colocalization
of GLUT4 and caveolin (Figure 3D). These data suggest that
overall GLUT4 clustering cannot be explained by accumulation
in caveolae.
We further analyzed individual dynamic events at PM where
clathrin gradually appeared and then disappeared on a time
course of tens of seconds. These events are interpreted as the
assembling and disassembling of clathrin (Bellve et al., 2006)
and can be attributed to formation of single endocytic vesicles
when correlated with the uptake of a particular cargo (Merrifield
et al., 2005). To selectively track GLUT4 endocytic events, we
used HA-GLUT4 labeled at PM with HA-antibody conjugated
to Alexa 594 as cargo.
Consistent with previous studies, clathrin was found to form
both relatively stationary patches at PM, as well as more
dynamic puncta that appeared and disappeared, as clathrin-
coated pits were formed and underwent scission from PM.tabolism 12, 250–259, September 8, 2010 ª2010 Elsevier Inc. 253
Figure 4. Clathrin Endocytic Events at, but
Not outside of, GLUT4 Clusters Mediate
Internalization of GLUT4
Single endocytic events were imaged in isolated
rat adipose cells expressing clathrin-GFP and
HA-GLUT4 (no fluorescent tag) using multicolor
TIRF microscopy (Movie S4).
(A) Selected frames show a characteristic transient
appearance of clathrin-GFP (green) at the site of
a GLUT4 cluster (red), followed by partial removal
of HA-GLUT4 from PM detected by HA-antibody
conjugated to Alexa 594. The position of the event
is shown by a circle in both channels. Individual
frames were selected from the stack 4 s apart to
depict the entire time course of the event.
(B) A representative clathrin event that takes place
outside of a GLUT4 cluster identified by HA-anti-
body does not result in a change in the HA-anti-
body signal. Individual frames were selected
from the stack 10 s apart to depict the entire
time course of the event.
(C) Graphs represent the fluorescent intensity time
courses of HA-antibody (red) and clathrin-GFP
(green) for the event shown in (A). The black trace
represents the average HA-antibody background
intensity outside of clusters. Note that the residual
fluorescence signal of HA-antibody after the
appearance and disappearance of clathrin-GFP
is significantly higher than the background.
(D) Graphs represent the fluorescent intensity time
courses of HA-antibody (red) and clathrin-GFP
(green) for the event shown in (B). The black trace
represents the average HA-antibody background
intensity outside of clusters. Note that the fluores-
cence signal of HA-antibody is not affected by the assembly of clathrin-GFP and shows no drop at the time of clathrin-GFP removal.
(E) Histogram of the time of the onset of clathrin assembly and disappearance of clathrin-coated pits. The upper panel represents clathrin assembly events at
GLUT4 clusters identified by HA-antibody, and the lower panel represents clathrin assembly outside the clusters.
(F) The frequency of clathrin events at, and outside of, GLUT4 clusters in the basal and insulin-stimulated steady states. The number of events detected per unit
area per minute of recording was averaged for ten cells each in the basal and insulin-stimulated states. Error bars represent SEM, *statistically different from
corresponding basal values, p < 0.05.
(G) Rate of HA-antibody uptake per unit area of the cell surface. The average rate was calculated from the slope of cumulative uptakemeasured in 12 cells in three
independent experiments. Cumulative uptakes were constructed using all detected decrements of HA-antibody fluorescence corresponding to clathrin events
associated with the clusters, as well as all the other clathrin assembly events outside the clusters. The decrements were calculated as the difference of the mean
intensity of HA-antibody averaged for ten frames before and after clathrin disappearance (see Figure S4). Note that while the numbers of clathrin events at the
clusters account for a fraction of the total (see Figure 4F), they are responsible for the major part of HA-antibody internalization from the cell surface. Error bars
represent SEM, *statistically different from corresponding basal values, p < 0.05.
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(Figure 4A), as well in other areas of PM outside the clusters
(Figure 4B). Interestingly, the clathrin events associated with
GLUT4 clusters had a shorter time span between assembly
and disappearance than those occurring outside the clusters
(Figure 4E). Further, while the majority of the events (0.05 ±
0.01 events/mm2/min, 312 events, n = 10 cells) took place outside
the clusters, they were not associated with detectable changes
of HA-GLUT4 (Figures 4F and 4D), and their frequency was not
affected by insulin (Figure 4F). On the other hand,most of the cla-
thrin events where HA-GLUT4 was internalized were associated
with pre-existingGLUT4clusters (Figure 4C) and had a frequency
of occurrence of 0.018 ± 0.004 events/mm2/min in the basal state
and 0.032 ± 0.006 events/mm2/min (120 events, n = 10 cells) in
insulin-stimulated conditions (Figure 4F). To quantify the amount
of HA-GLUT4 uptake at, and outside, the clusters, we integrated
all small changes of HA-antibody associated with clathrin events
in one minute of recording and normalized it to the unit area.254 Cell Metabolism 12, 250–259, September 8, 2010 ª2010 ElsevieFigure 4G shows that the majority of HA-GLUT4 uptake was
indeed associated with the clusters in both the basal and
insulin-stimulated conditions. In all cases, the growth of the cla-
thrin signal from its initial appearance was not associated with an
increase of HA-GLUT4 signal, thus indicating that the assembly
of clathrin did not trigger the clustering of GLUT4 at the site of pit
formation. Taken together, these data suggest that clathrin
mediates GLUT4 endocytosis predominantly from pre-existing
clusters but is not responsible for GLUT4 de novo cluster forma-
tion.
Two Modes of GLUT4 Exocytosis: Release of GLUT4
and Formation of Clusters
Next, in order to investigate the relationship between GLUT4
exocytosis and the GLUT4 PM clusters, we monitored the fusion
of single GSV double-labeled with HA-GLUT4-mCherry and
pH-sensitive IRAP-pHluorin. Fusion events were detected as
characteristic flashes of IRAP-pHluorin fluorescence triggeredr Inc.
Figure 5. TwoModes of Exocytosis, Fusion-
with-Retention and Fusion-with-Release,
Mediate GLUT4 Delivery and Spatial Distri-
bution in PM
(A) Isolated rat adipose cells were transfected with
the pH-sensitive probe IRAP-pHluorin (green) and
HA-GLUT4-mCherry (red) and imaged using multi-
color TIRF microscopy. Single exocytosis events
were detected as spikes of IRAP-pHluorin fluores-
cence that reflected opening of the fusion pore
and equilibration of the pH inside the lumen of the
fusing vesicle. The image represents a maximum
projection of a time-lapse stack of 240 frames, i.e.,
each pixel contains the maximum value over all
frames in the stack at the particular pixel location.
IRAP-pHluorin eventsaremarkedwithwhitecircles.
See also Figure S5 and Movie S5. Scale bar, 1 mm.
(B) Time course of IRAP-pHluorin fluorescence
measured in five of the circular regions shown in
(A). Note characteristic transient spikes of IRAP-
pHluorin marking the fusion pore openings and
consequent lateral diffusion of IRAP-pHluorin
into PM. At all times the detected IRAP-pHluorin
events were associated with the presence of
GLUT4-mCherry signal at the same site.
(C) Series of time frames showing a characteristic
fusion event with release of HA-GLUT4-mCherry
(red) into PM and corresponding transient spike
of IRAP-pHluorin (green) marking the moment of
fusion pore opening. The graphs below represent
the time courses of HA-GLUT4-mCherry and
IRAP-pHluorin fluorescence measured at the sites
of fusion. Note the simultaneous decreases of the
GLUT4-mCherry and IRAP-pHluorin signals.
(D) Series of time frames showing another type of
fusion event that retains HA-GLUT4-mCherry (red)
at the site of fusion and leads to formation of
a GLUT4 cluster. The transient spike of IRAP-
pHluorin (green) marks the moment of fusion
pore opening, but the HA-GLUT4-mCherry does
not disperse upon fusion and remains clustered.
The graphs below present the quantification of
HA-GLUT4-mCherry and IRAP-pHluorin fluores-
cence, and show that the GLUT4-mCherry signal
remains relatively unchanged after fusion.
(E) Frequency of fusion events detected with IRAP-
pHluorin plotted as a function of time before and
after insulin stimulation.Thenumberof fusionevents
detectedper unit areaduring 1min of recordingwas
calculated for individual cells and averaged for at
least five cells for each time point. Insulin resulted
in a significant increase of the fusion frequency,
which typically peaked at 3 min after stimulation
and then declined toward a level similar to the
frequency of fusion events under the nonstimulated
condition (red line). Error bars represent SEM.
(F) The frequency of fusion events with retention and release of GLUT4, measured in the basal and insulin-stimulated steady states. The number of fusion events
detected per unit area per minute of recording was averaged for 20 cells each in the basal and insulin-stimulated states. In insulin-treated cells, the fusion
frequency was measured at 3–5 min (peak) and at 13–15 min (steady state) after insulin stimulation. 269 events were analyzed in 16 cells. Error bars represent
SEM, *statistically different from corresponding basal values, p < 0.05, assessed by one-way ANOVA.
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rapid increase of the intensity of pHluorin was followed by
a gradual decay associated with dispersal of IRAP molecules
into PM. This was confirmed in individual cases by the analysis
of intensity profile widening that corresponds to lateral diffusion
(Figure S5B).Cell MeTo quantify the basal rate of GSV exocytosis, we first analyzed
all fusion events marked by a characteristic flash of IRAP-
pHluorin (Figures 5A and 5B). Further, we verified that the
detected events were associated with the presence of GLUT4-
mCherry signal and analyzed how GLUT4 molecules were
released into PM upon fusion. Interestingly, we distinguishedtabolism 12, 250–259, September 8, 2010 ª2010 Elsevier Inc. 255
Figure 6. Kinetic Model of Insulin-Regulated Recycling and Spatial Distribution of GLUT4 on the Cell Surface through Postfusion Dispersal
(A) Kinetic model of insulin-regulated GLUT4 recycling among intracellular GSV, endosomes, and GLUT4 dispersed and clustered in PM. GLUT4 are assumed to
be cycling among four GLUT4 quasicompartments: GLUT4 storage vesicles (GSV), monomeric GLUT4 in PM (dispersed GLUT4), clustered GLUT4, andGLUT4 in
endosomes. GLUT4 endocytosis is restricted to the clusters. See also Figure S6.
(B) Modeling of GLUT4 redistribution to PM in response to insulin. Calculated time course of GLUT4 redistribution in response to insulin: total fraction of GLUT4
present on the cell surface (black), GLUT4 dispersed in PM as monomers (green), and GLUT4 clustered in PM domains (red).
(C) Transient increase in the amount of GLUT4 fusion events in response to insulin (black, model; red circles, experimental data; see also Figure 5E).
The frequency of the fusion events was calculated as a sum of fusion-with-release and fusion-with-retention. Error bars represent SEM, n = 5.
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mCherry fluorescence at the fusion sites. After fusion, GLUT4
molecules were either dispersed into PM, called fusion-with-
release (Figure 5C), or retained at the site of fusion, called
fusion-with-retention (Figure 5D).
In nonstimulated cells, the average fusion frequency was
0.028 ± 0.006 events/mm2/min (269 events, n = 16 cells), and
95% of the detected fusion events were not associated with
GLUT4 dispersion into PM. Following insulin stimulation, the
overall fusion frequency increased to a maximum of 0.15 ±
0.03 events/mm2/min already after 2–3 min (Figure 5E). This
increase in the number of fusion events was due to differential
stimulation of both modes of exocytosis. While insulin had only
a moderate effect on the fusion-with-retention (2-fold
increase), fusion-with-release of GLUT4 was dramatically
increased more than 60-fold (Figure 5F). Of further interest,
already after 4–5 min in the presence of insulin, the overall fusion
frequency started to decline and stabilized at a level of 0.05 ±
0.01 events/mm2/min at around 10–15 min (Figures 5E and 5F).
This decrease in the number of fusion events after 10–15 min
was not due to photodamage or other factors associated with
a prolonged experiment, as the same fusion frequency was
measured at a particular time point after insulin, independent
of the length of the prior recording. Moreover, the transient
increase in fusion events was sufficient to achieve and maintain
the insulin steady state, as judged by the elevated PM GLUT4
signal.
These data suggest that fusion-with-release represents an
acute response to insulin where a significant amount of GLUT4
is delivered to, and dispersed into, PM. On the other hand,
fusion-with-retention seems to mainly provide PM with GLUT4
to sustain glucose uptake in nonstimulated conditions and is
also responsible for creation of GLUT4 clusters at PM.
Kinetic Model of GLUT4 Recycling through the Clusters
Now that the organization of GLUT4 into clusters and the effects
of insulin on the relationship between GLUT4 exocytosis and
clusters have been determined, it is no longer possible to use256 Cell Metabolism 12, 250–259, September 8, 2010 ª2010 Elseviekinetic models that assume homogeneous distributions of
GLUT4 in PM or an independence of the mode of GLUT4 exocy-
tosis from insulin. To take into account these novel details of
GLUT4 recycling, we have built a new kinetic model (see
a detailed description in the Supplemental Information) that
includes the existence of GLUT4 clusters, and can quantitatively
explain the transition to, and maintenance of, the insulin steady
state, together with the observed transient increase of fusion
events. In brief, we add to the recycling of GLUT4 among GSV,
PM, and endosomes the fact that PM GLUT4 molecules exist
in two states: monomers and clusters. Thus, we added clusters
as a new quasicompartment to extend previously introduced
three-compartment models (Holman et al., 1994): GLUT4 in
GSV, GLUT4 present as monomers in PM, GLUT4 in clusters,
and GLUT4 in endosomes (Figure 6A). For simplicity, we have
excluded theminor amounts of GLUT4 present in other compart-
ments and the perinuclear area (less than 4%) and assume that
the total amount of GLUT4 in these four compartments is
constant. Based on our data and published data, we estimated
the fraction of GLUT4 in GSV, monomers, endosomes, and
clusters in the basal and insulin-stimulated steady -states. The
other unknown parameters were found from a set of algebraic
equations determining the equilibrium at the corresponding
steady states (Table S1, Supplemental Information).
Insulin stimulation was modeled by increases of the two rates
of GLUT4 exocytosis: (1) fusion-with-release and (2) fusion-with-
retention. We assumed that all other parameters remained rela-
tively unchanged in response to insulin and verified if the model
can explain the experimentally obtained GLUT4 distributions in
the insulin steady state as well as the kinetics of the transient
increases of fusion events. Figure 6B shows that the increase
of the rate of fusion-with-release (60-fold) and fusion-with-
retention (2-fold) can account for the experimentally observed
increases of (1) total surface-exposed GLUT4 (Figure 6B, black;
compare with Figure 2C), (2) dispersed GLUT4 (Figure 6B,
green), and (3) clustered GLUT4 (Figure 6B, red). Moreover,
our model shows a similar kinetics of GLUT4 redistribution to
that measured by independent methods (Holman et al., 1994;r Inc.
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min. Further, we calculated the frequencies of the fusion events
with release/and retention as functions of time and compared
them with the experimental data (Figure 5E). As shown in
Figure 6C, the model reproduces the transient increase of the
frequency of the fusion events delivering GLUT4 to PM in
response to insulin.
DISCUSSION
The relationship between the spatial and temporal organization
of PM glucose transporters is key to the regulation of cell metab-
olism. In addition to the complex recycling of GLUT4 among
endosomal compartments, GSVs, and PM, we now know that
their spatial organization in PM, where they facilitate glucose
transport, depends upon insulin in a time-dependent fashion.
The predominance in the basal state of PMGLUT4 cluster forma-
tion upon exocytosis of GSV gives way with insulin stimulation to
a shift in GSV fusion to GLUT4 dispersal in PM. Further, GLUT4
clusters are found to nucleate clathrin assembly, where most of
the GLUT4 internalization from the cell surface then takes place.
Thus, GLUT4 clusters represent a molecular organization medi-
ating the transition betweenGLUT4 delivery andwithdrawal from
PM, depending upon insulin.
GLUT4molecules in PM are thought to function asmonomeric
transporters, and unlike GLUT1 that forms oligomers (Zottola
et al., 1995), GLUT4 structures do not appear to oligomerize.
However, GLUT4 structures at PM have repeatedly been
observed to be distributed inhomogenously (Gustavsson et al.,
1996; Parton et al., 2002), i.e., concentrated, clustered at certain
regions of PM. Previous microscopic studies of GLUT4
distribution in muscle (Lauritzen et al., 2008), isolated adipose
cells (Malide et al., 1997; Lizunov et al., 2005), and 3T3-L1 adipo-
cytes (Li et al., 2004; Blot and McGraw, 2008) report a punctate
staining of GLUT4 at PM. In this study, we further verify the pres-
ence of both GLUT4 monomers and GLUT4 clusters in PM,
quantify the relative amount of GLUT4 sequestered in each state,
and report differential effects of insulin on GLUT4 spatial distri-
bution.
While nomolecular mechanism for GLUT4 clustering has been
established, it was often attributed to accumulation of GLUT4
either in clathrin-coated pits or caveolae. Caveolar structures
have been proposed to play some intermediate role in GLUT4
internalization (Ros-Baro et al., 2001) and GLUT4 exocytosis
(Gustavsson et al., 1996; Saltiel and Pessin, 2003). In our exper-
iments we did not detect any significant colocalization of GLUT4
and caveolin in either basal or insulin-stimulated cells, which is
consistent with another recent study arguing against a direct
role for caveolae in GLUT4 recycling (Antonescu et al., 2008).
While the role of clathrin in the recycling of GLUT4 is well sup-
ported, no evidence exists suggesting direct involvement of cla-
thrin in GLUT4 clustering. Huang et al. (2007) observed an overall
increase of GLUT4 colocalization with clathrin in response to
insulin. Yet this study did not distinguish whether this colocaliza-
tion was due to specific accumulation of GLUT4 in the clathrin-
coated pits, colocalization in endosomes, or a nonspecific
increase in the background of PM GLUT4. In our study, we
were able to separately measure the overall colocalization of
GLUT4 and clathrin, as well as colocalization of surface-exposedCell MeGLUT4 with clathrin. Surprisingly, we found that surface-
exposed GLUT4 structures have much less colocalization with
clathrin than total GLUT4. Thus, a specific accumulation of
GLUT4 in clathrin-coated pits is unlikely; it is more likely that
these two molecules colocalize in intracellular compartments.
Together with the fact that the majority of GLUT4 clusters exist
at PM without showing any colocalization with clathrin, our
data indicate that clathrin itself cannot account for the existence
and formation of GLUT4 clusters at PM.
The delivery of GLUT4 to PM through insulin-regulated exocy-
tosis has been well documented by both biochemistry and live-
cell imaging. Using TIRF microscopy, a number of groups
detected single GSV fusion events (Burchfield et al., 2010; Bai
et al., 2007; Huang et al., 2007) using as a criterion for fusion
the postfusion dispersal of fluorescently labeled GLUT4-GFP.
However, the number of fusion events measured microscopi-
cally was fewer than the number expected from biochemical
and physiological approaches. Recently, the use of IRAP-
pHluorin targeted into GSV has allowed more robust fusion
detection, significantly increasing the number of fusion events
detected (Jiang et al., 2008). However, due to spectral overlap
with IRAP-pHluorin, GLUT4-GFP could not be used in the
same experiment, and thus the postfusion dispersal of GLUT4
could not be monitored simultaneously. In our study, by
combining the IRAP-pHluorin detection system with red fluores-
cent GLUT4-mCherry, we were able to overcome these limita-
tions. Surprisingly, we found that many fusion events were not
associated with dispersal of GLUT4 from the site of fusion,
explaining why the number of fusion events detected only by
GLUT4 dispersal was underestimated. Fusion-with-retention
was predominant in the basal state, where we observed that
almost all fusion events detected by IRAP-pHluorin flash were
not accompanied by dispersal of GLUT4 into PM. The result of
this fusion-with-retention is the creation of de novo GLUT4 clus-
ters at PM.
IRAP-pHluorin fluorescence decay after flash was attributed
in most cases to IRAP dispersal via lateral diffusion, which
was confirmed in control experiments where widening of the
intensity profile was measured. However, a transient pH change
or rapid reacidification of the lumen of partially opened fusing
vesicles could also result in fluorescence decay. This sequence
of events could represent a ‘‘frustrated fusion,’’ where a vesicle
rapidly opens and closes. But if a vesicle closes shortly after
a fusion attempt, it would not expose GLUT4 long enough to
be detected efficiently by HA-antibody binding. In the case of
fusion-with-retention, the average time between the increase
and decrease of pHluorin fluorescence is about 2–3 s (0.05 of
min), and the fusion rate is 0.03 events/min/mm2. Therefore,
in the extreme case, if all fusion-with-retention events repre-
sented frustrated fusion, the estimated density of opened vesi-
cles at any moment would be given by the product of 0.03
events/min/mm2 * 0.05 min = 0.0015 per mm2. This estimate is
at least two orders of magnitude less than the experimentally de-
tected density of GLUT4 clusters (0.2 per mm2). Therefore, frus-
trated fusion could account for only a minor fraction of fusion
events detected by IRAP-pHluorin.
Consistent with previous reports (Jiang et al., 2008), insulin
increased the overall number of fusion events. Interestingly,
insulin not only affected the number of fusion events but alsotabolism 12, 250–259, September 8, 2010 ª2010 Elsevier Inc. 257
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dispersal of GLUT4 into PM. This finding is also consistent with
the pronounced increase of diffuse HA-antibody staining of PM
and corresponding shift in the relative amount of GLUT4 from
clusters to monomers. This observation further implies that while
clustered and monomeric GLUT4 coexist in a steady state, the
relative amounts of GLUT4 in these pools can be differentially
regulated by insulin.
Interestingly, the insulin-stimulated increase of GLUT4 fusion
was transient, and after a pronounced peak at 2–3 min, the
fusion frequency declined to a level only slightly above the basal.
While old models of GLUT4 recycling predict an overall increase
of GLUT4 recycling in response to insulin, our results fit the
prediction of a quantum release model (Coster et al., 2004).
However, while the Coster et al. (2004) model considers insulin
to regulate the size of the active pool available for GLUT4 recy-
cling, our model includes all GLUT4 in the recycling process
and addresses the existence of GLUT4 clusters as a distinct
pool. One important feature of our model, based on the experi-
mental observations, is the restriction of GLUT4 internalization
to the clusters. Our data suggest that the major part of GLUT4
internalization occurs from clusters via recruitment of clathrin,
while other clathrin-coated pits outside the clusters do not effi-
ciently endocytose GLUT4. This organization of GLUT4 recycling
provides flexibility to upregulate PM GLUT4 (in monomeric
states) separately from GLUT4 available for endocytosis (clus-
tered).
Taken together, the data presented in this study suggest that
GLUT4 clusters may function as intermediate hubs from the time
of GLUT4 exocytosis until their internalization. In the basal state,
these domains appear to play the major role in regulating the
recycling of GLUT4 between PM and the intracellular pool of
GSV. In the insulin-stimulated state, a rapid increase of PM
GLUT4 is achieved by an increase in GSV fusion, particularly
events with full and immediate release of GLUT4 molecules
diffusely into PM. However, the rate of internalization and recy-
cling of GLUT4 into GSV must now include a new parameter,
the time it takes for GLUT4 to reach an uptake site; the rate-
limiting step in this trafficking process remains to be determined.
This kinetics, through GLUT4 hubs, must ultimately determine
the new equilibrium GLUT4 activity level set by insulin stimula-
tion. Thus, they are of particular interest in pathological states
in which the relationship between insulin blood levels and
GLUT4 activity is disrupted.
EXPERIMENTAL PROCEDURES
Reagents
Mouse anti-HA-antibody (HA.11) was from Berkeley Antibody Co. (Richmond,
CA). Clathrin-GFP, caveolin-GFP, and tubulin-GFP were kindly provided by
Dr. J. Lippincott-Schwartz. Construction of the HA-GLUT4-mCherry has
been described previously (Lizunov et al., 2009). Bovine serum albumin was
from Intergen (fraction V). DMEM, insulin, and Alexa-conjugated antibodies
were all from Invitrogen.
Cell Culture and Transfection
Preparation of isolated rat adipose cells from male rats (CD strain, Charles
River Laboratories, MD), electroporation of rat adipose cells, and the cell-
surface antibody-binding assay were performed as described previously
(Al-Hasani et al., 1998; Lizunov et al., 2005). All plasmids were used at a final
concentration of 4 mg/ml. Transfected cells were kept in culture overnight,258 Cell Metabolism 12, 250–259, September 8, 2010 ª2010 Elsevieand optimal protein expression level was achieved at 20–24 hr after electropo-
ration. Insulin stimulation was performed by addition of 70 nM insulin for 30min
at 37C.Live-Cell Imaging and Immunofluorescence Microscopy
For live-cell imaging, isolated adipose cells were kept in KRBH buffer with
1% BSA (pH 7.4), maintained at 37C using a temperature-controlled stage
and Delta-T environmental chamber (Bioptechs). For immunofluorescence
microscopy, the isolated cells in suspension were either fixed with 4% formal-
dehyde in phosphate-buffered saline (PBS) for 10 min, or incubated with 2mM
KCN to deplete ATP and inhibit GLUT4 recycling (Satoh et al., 1993). The cells
were then washed with PBS and transferred to KRBHwith 1%BSA for incuba-
tion with antibodies in the presence of KCN. Cells were imaged using the
TIRFM setup built around an Axiovert 200 microscope (Zeiss) equipped with
a 1003 1.45 NA objective. A TIRF slider (Till Photonics) was used to pass laser
beams from an AOTF-controlled combiner system (LSM Technologies) equip-
ped with 405/488/561 nm lasers (Coherent). Penetration depth of the evanes-
cent field was measured to be 110 ± 20 nm by a calibration procedure with
40 nm fluorescent beads attached to the piezo-driven micropipette. Fluores-
cence was separated from the excitation light using a multiband dichroic
and emission filter set (GFP/DsRed-2X-A, Semrock), and passed to an elec-
tron-multiplying CCD camera (Ixon, Andor). For WF microscopy, a fiber-
coupled light source (X-cite 120, EXFO) was used together with a filter wheel
(Lambda 10-B, Sutter) to sequentially excite GFP/pHluorin andmCherry/Alexa
594 using appropriate filters. Laser-switching AOTF, shutters, filter wheels,
microscope, and EMCCD camera were synchronized and controlled using
mManager v1.2.38 (http://www.micro-manager.org/).Image Analysis
A set of automated image processing macro/subroutines was developed
based on existing algorithms of ImageJ (Rolling-Ball Background Subtraction,
Gaussian and Granulometric filters, Z project, Image5D, Find Maxima, and
Particle Tracker). Individual diffraction-limited fluorescent structures were
segmented within representative regions of interest (ROI). The following
criteria were used to detect individual structures: (1) fluorescence had a local
maximum, (2) integrated pixel intensity was at least 2-fold above the standard
deviation of pixel intensity, and (3) 70% of the peak intensity was contained
within a circular ROI of five pixels. Density was measured as the number of
structures per square micron; frequency of dynamic events of fission and
fusion was calculated as the number of events per square micron per minute.
Particle tracking was carried out using a custom-modified particle tracker
algorithm (Sbalzarini and Koumoutsakos, 2005) that utilized spatial moment
analysis to detect redistribution of GLUT4molecules during fusion. To quantify
populations of stationary and mobile structures, we utilized a time-projection
method (Lizunov et al., 2009). Data acquired using multicolor TIRF were pro-
cessed to measure colocalization of individual structures. Simulated data
were used to estimate a percent of random overlap for given densities of struc-
tures in each channel. All data are represented as means ± SEM. Statistical
significance was analyzed using Student’s t test or ANOVA. Further details
of the data analysis and modeling are described in the Supplemental
Information.SUPPLEMENTAL INFORMATION
Supplemental Information includes six figures, five movies, Supplemental
Experimental Procedures, one table, and Supplemental References and can
be found with this article online at doi:10.1016/j.cmet.2010.08.005.ACKNOWLEDGMENTS
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